Abstract: Background: Adequate dietary intake and nutritional status have important effects on brain functions and on brain health. Energy intake and specific nutrients excess or deficiency from diet differently affect cognitive processes, emotions, behaviour, neuroendocrine functions and synaptic plasticity with possible protective or detrimental effects on neuronal physiology. Lipids, in particular, play structural and functional roles in neurons. Here the importance of dietary fats and the need to understand the brain mechanisms activated by peripheral and central metabolic sensors. Thus, the manipulation of lifestyle factors such as dietary interventions may represent a successful therapeutic approach to maintain and preserve brain health along lifespan.
INTRODUCTION
The incidence of overweight and obesity in developed and developing countries is rising due to unbalanced diets, the large use of junk food and insufficient physical exercise. According to the World Health Organization (WHO) "Worldwide obesity has more than doubled since 1980 then enter the brain which in turn produces specific neuropeptides to orchestrate a wide range of biological functions and processes, comprising feeding behavior, energy expenditure and regulation of specific methabolic pathways, mainly through neuroendocrine mechanisms and autonomic terminals [3] . Here the importance and the need to understand the brain mechanisms activated by peripheral and central metabolic sensors.
Foods contain mixture of different types of fatty acids (FAs), which are carboxylic acids with a long aliphatic chain that is either saturated or mono/polyunsaturated (SAFAs, MUFAs/PUFAs respectively). Their impact on health strongly depends on fat types ( Fig. 1) and daily fat intake. Over the last year, dietary lipids have garnered recognition for their direct actions on the brain since they can affect multiple brain processes by regulating synaptic transmission, membrane fluidity and signal-transduction pathways. In this respect, omega-6 and omega-3 long chain (LC) PUFAs, also known as n-6 or n-3 PUFAs respectively, are nutrients widely present among dietary lipids with quite different proprieties as their inflammatory potential. In fact, the n-6 PUFA arachidonic acid (ARA) exerts pro-inflammatory and atherogenic actions via its conversion by the cyclooxygenase (COX) and lipooxygenase (LOX) enzymatic pathways to bioactive mediators known as eicosanoids (prostaglandins (PGs), thromboxanes (TXs) and leukotrienes (LTs). However, during the initial (acute) phase of an inflammatory response, the ARA metabolism can also switch to the production of lipoxins (LXs), another eicosanoid class with the capacity to limit the extent and duration of the inflammatory process and promote the resolution of inflammation [4] . LXs are considered the first identified members of the family of specialized pro-resolving mediators (SPMs) [4, 5] . The SPMs family also comprises n-3 PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)-derived proresolving mediators called resolvins (Rvs) and protectins (PDs) [6] . In the brain, the bioavailability of PUFAs and of their bioactive derivatives strongly depends on diet composition with an ideal ratio of 5 (n-6): 1 (n-3) [7] . Nevertheless, diets are often unbalanced and low n-3 PUFAs have been associated with neuropsychiatric and neurological disorders with inflammatory outcomes [8] .
Among PUFAs derivates, endocannabinoids (eCBs) deserve attention. These are lipid mediators that mainly act via type 1 and type 2 cannabinoid receptors (CB1 and CB2 respectively), which are Gi/o protein-coupled receptors. The eCB system is one of the most ancient signaling system of vertebrates [9, 10] with numerous pathways in the brain [11, 12] . The main eCBs are anandamide (AEA) and 2-arachidonoylglycerol (2-AG), which are the N-ethanolamide and the glyceryl ester of n-6 PUFA ARA respectively. Interestingly, eCBs link food lipids to synaptic activity, neuronal plasticity, and to neuroendocrine and reproductive functions [13] [14] [15] [16] [17] [18] [19] [20] [21] . This highlights, the importance of dietary lipids to preserve and maintain the specific molecular systems and mechanisms that regulate neuronal functions and the possibility to prevent or to treat brain diseases via diet manipulations. For instance, it has been recognized that dietary n-3 PUFAs have "antiaging" effects that support cognitive processes and maintain synaptic functions and plasticity [8, 22, 23]. In turn, diets that are high in saturated fats negatively impact brain functions and increase the risk of cardiovascular and neurological diseases [24] .
Therefore, in this review we report the impact of dietary fats on brain functions. First we describe the gut-brain communications, with focuses on microbiota, dietary fats composition, lipid sensing, satiety and processing of hedonic food. Then we describe the functional interplay between diet and the hypothalamic control of reproduction, through the integrated activity of peripheral and centrally produced metabolic sensors that directly or indirectly convey metabolic cues on the hypothalamus-pituitary-gonad (HPG) axis. Then, we move to the description of the beneficial effect of dietary n-3 PUFA on the preservation of neuronal function and structure and lastly, we discuss the potential therapeutic effects of ketogenic diets, the "fattest" of all diets.
Taken together, we provide evidence that diet manipulation in fat content can preserve brain health and has a clinical relevance.
GUT-BRAIN COMMUNICATION THROUGH MICROBIOTA
There is probably no better expression to define the enteric nervous system (ENS) than the figure of speech of the "second brain" [25] . As far as our knowledge about the ENS extends, the more gaps in the gastrointestinal tract (GIT), neuroendocrine, immune and the central and autonomic nervous systems are reduced. Thus, the notion of "gut-brain axis" is now largely used to explain the close connection and the tight bidirectional communication between the gut and brain and the importance of their cross-talk for brain functions in health and disease [26] [27] [28] [29] . Quite surprisingly, the integrity of gut-brain reciprocal signaling appears essential not only for the pathophysiology of GIT disorders such as the irritable bowel syndrome but also for several brain neurological and neuropsychiatric disorders including Parkinson's disease, mood disorders (e.g., depression) and autism spectrum disorders (ASDs) [29] [30] [31] [32] . The link between gut health and brain disorders can be, nonetheless, elusive as long as we do not consider the extraordinary number of commensal bacteria resident in the human gut, which is estimated to be around 100 trillion [33] . This giant population of symbiotic bacteria, known as microbiota, shapes GIT motility, epithelial barrier function, gut homeostasis and metabolism via nutrient processing and affects brain physiology and incidence of disease risk. Within this picture, the gutbrain axis constitutes the bidirectional route by which multiple signals (e.g., neural, neurohormonal and immunological) converging to the gut and in the gut re-encoded can access the brain. The microbiota is the living machinery composed of more than one thousand species of microorganisms (basically, Bacteroidetes and Firmicutes) whose genome outnumbered our genome about 150 times [33, 34] .
Impact of Probiotics and Prebiotics on Brain Functions
The liability to mood disorders (e.g., depressive symptoms) is emblematic of the powerful impact that microbiota can exert on brain physiology and the pathogenetic consequences of microbiota dysfunction. Alterations in the microbial composition generate a state of dysbiosis that is a potential pathogenetic environment and a threat for the maintainance of host's health. Dysbiosis of the microbiota is responsible for different pathogenetic events such as changes in the host immunity and intestinal permeability [35] . Dysfunctions of the intestinal barrier increase the risk of endotoxins access to systemic circulation and development of a chronic inflammatory state and higher susceptibility to brain disease [36] . Dysregulated eating produces a dramatic impact on the composition of gut microbial community. The importance of dietary factors may become even more critical than the different genotypic hosts. Indeed, the exposure of different inbred strains of mice to repeated shift between diets with a different nutritional profile demonstrates that gut microbiota can be drastically modeled by dietary factors regardless of the genotype [37] . Prebiotics, probiotics, synbiotics [38] and fecal transplantation are examples of different strategies to reshape the microbial community and counteract neurological and neuropsychiatric diseases. The term probiotic, as opposed to antibiotic, is not recent and can be tracked back in time up to 1965 [39] . According to Food and Agriculture Organization of the United Nations (FAO) and the WHO, we should describe a probiotic as a "live microorganism which when administered in adequate amounts, confers health benefit on the host" [40] . On the other hand, despite several revisions from the original meaning [41] , the core concept of prebiotics as a "non-digestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria already resident in the colon" has not radically changed [42] . Probiotics can confer (additional) cytoprotection against a variety of toxins and pathogens, thus reinforcing the epithelial cells of the intestinal wall (e.g., tight junction proteins) and the integrity and function of the intestinal mucosal barrier.
Derangement of gut microbiota has been associated with brain disorders and neurodegenerative diseases such as ASDs, depression and Alzheimer's disease (AD). Abnormal increase of Clostridium type germs in the GIT [43] and atypical increase of fecal bacteria of Sutterella species in ASD children have been reported [44, 45] . A probiotic-based treatment (namely, Bacteroides fragilis) was showed to improve gut pearmeability and ASD-like features in mouse model of maternal immune activation [46] and probiotic treatment in ASD children is considered a potential therapeutic option [47] .
Depression is known to be associated with dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis and a pivotal study has provided the intriguing evidence for an excessive corticosterone and adrenocorticotrophic hormone response in germ-free stressed (i.e., restrained) mice as well as the demonstration that exaggerated stress response can be reverted by recolonization with Bifidobacterium infantis [48] . The therapeutic potential of probiotic administration such as Lactobacillus rhamnosus has been demonstrated for the modulation of the expression of γ-aminobutyric acid (GABA) receptors in the central nervous system (CNS) and its ability to mitigate stress-induced corticosterone response as well as depression-and anxiety-like behaviors [49] . Simi-larly, there is evidence that chronic colitis can elicit anxietylike behavior and that administration of Bifidobacterium longus can produce anxiolytic effects via the vagal connection between brain and the ENS [50] . Moreover, stressassociated alterations such as memory dysfunctions and altered neurotrophins expression in the hippocampus can be restored by treatment with probiotics [51], thus supporting the idea that changes of microbiota environment can be observed in neuropsychiatric disorders such as schizophrenia and ASDs [32, 52] . The bi-directional relationship throughout the brain-gut axis also implies that prolonged stressors affecting the CNS and the immune system can disrupt the microbiota homeostasis (i.e., dysbiosis) and elicit a chronic inflammatory state [53, 54] as for obesity. Interestingly, probiotics may produce similar anti-obesity and antiinflammatory effects (i.e., macrophage infiltration into adipose tissue) through different underlying mechanisms as observed for the administration of Lactobacillus paracasei, Lactobacillus rhamnosus and Bifidobacterium animalis subsp. lactis [55] .
Diet and nutrients are among the most relevant environmental stimuli for the enteric ecosystem but also the potential risk factors affecting the microbiota homeostasis. Indeed, dietary habits are critical determinants of microbiota microsystem and health. As a matter of fact, all the different routes by which visceral and interoceptive information can flow through the brain-gut axis can also be affected by dietary nutrients. The neural information generated in the GIT is conveyed in the brain via vagal and spinal afferent neurons and, at the same time, the endocrine and the immune information via gut hormones and cytokines, respectively. Diet and nutrients can determine microbiota composition and, via these signaling pathways, can even influence the metabolic phenotype and liability to develop metabolic dysfunction such as obesity [56] [57] [58] . The impact of macronutrients on microbiota composition has received attention with respect to carbohydrate ingestion, specifically dietary fiber. The ingestion of soluble dietary as fructo-oligosaccharides (FOS) and galacto-oligosaccharides (GOS) produces short chain fatty acids (SCFAs) and improves the microbiota environment by favoring bacteria known to be inversely associated with metabolic dysregulation and chronic inflammation (e.g., obesity). The ingestion of prebiotics as non-digestible carbohydrates (CHO) such as cellulose and inulin, fibers and polysaccharides is indeed a strategy known to improve the enteric ecology via the increase of beneficial gut bacteria population that may provide resilience against metabolic derangement. SCFAs are organic fatty acids with 2 up to 6 carbon atoms and are the expression of the major part of the metabolites produced by the fermentation of non-digestible CHO, with acetate (C2), propionate (C3) and butyrate (C4) as the main SCFAs present in different proportion in the cecum and colon population [59] . Thus, dietary fibers and derived SCFAs can regulate body weight, food ingestion, glucose homeostasis, and insulin sensitivity. There are several cases in which ingestion of prebiotics such as isolichenan (from the lichen Cetrariella islandica) and arabinoxylan from the yeast Triticumaestivum has been demonstrated to improve brain functions and elicit the recovery of ethanol-induced or vascular dementia-associated memory deficits in mice [60, 61] .
Moreover, as observed for probiotics, also prebiotics can affect brain signaling pathways involved either in the prevention or in the pathophysiology of affective disorders. FOS and GOS can increase the hippocampal expression of brain-derived neurotrophic factor (BDNF) and N-methyl-Daspartate (NMDAR) subunits that are key factors in memory function and synaptic plasticity [62] . In humans, GOS consumption has been observed to be associated with a reduced secretion of salivary cortisol at awakening, thus suggesting an antidepressant potential for GOS supplementation [63] . Considering that prebiotics supplementation favors the growth of beneficial bacteria (i.e., probiotics), there is therefore a virtue circle between probiotics and prebiotics ingestion, both increasing the production of SCFAs.
SCFAs, Microbiota and Neuroinflammation
Dietary-derived SCFAs are essential substrates for the defence of intestinal epithelial cells and the regulation of lipid metabolism. SCFAs can promote fatty acids oxidation and inhibit their synthesis thus contributing to the decrease of free fatty acids plasma levels and body weight [64, 65] . SCFAs provide beneficial effects for the whole-body energy homeostasis but SCFAs are also signaling molecules whose action is not yet totally understood. SCFAs are indeed ligands for G-protein-coupled receptors such as free fatty acid receptors 2 (FFAR2 or GPR43) and free fatty acid receptors 3 (FFAR3 or GPR41) that have been identified in hematopoietic tissues, in the large intestine, in pancreatic β-cells, in neurons (FFAR3), in leukocytes and in adipocytes (FFAR2) [66] . One key aspect of FFAR2-mediated signaling is the ability, upon their activation, to promote the synthesis of glucagon-like peptide 1 (GLP-1) in enteroendocrine L cells [67] . Remarkably, dietary butyrate supplementation enhances adaptive thermogenesis and fatty acid oxidation in mice [64] and both butyrate and propionate have been shown to inhibit high fat diet (HFD)-induced weight gain and food intake and stimulate glucose-dependent insulinotropic polypeptide (GIP) secretion in a manner independent of FFAR3 [65] . Dietary FOS has a drastic impact on microbiota ecosystem, increasing Bacteroidetes and decreasing Firmicutes and propionate and butyrate can improve glucose tolerance and insulin sensitivity via different but complementary mechanisms leading to the stimulation of intestinal gluconeogenesis (IGN) [68] . Butyrate-generating species are favored by the ingestion of dietary fibers but each macronutrient can modify the microbiota community in a diet-dependent manner [69] . Reminiscent of the alteration of microbiota described in obese individuals show that exposure to Western diet generates an unbalance between Bacteroidetes and Firmicutes favoring the increase of the latter phyla over the former or, in other words, an increase of the ratio of Firmicutes to Bacteroidetes [70] . By contrast, in subjects whose diet adheres to Mediterranean diet recommendations, there is an increase of fecal content of SCFA levels (an index of high CHO fermentation) and high prevalence of Bacteroidetes phylum [71, 72] . SCFAs have a major impact on enteroendocrine signaling, feeding homeostasis and appetite regulation. Multiple mechanisms can be involved, and appetite can be suppressed by SCFAs-dependent leptin secretion upon FFAR3 activation [73] . In addition to GLP-1 synthesis, SCFAs can influence the secretion of other satiety peptides such as cholecystokinin (CCK) and peptide YY (PYY) by the epithelial cells, specifically enteroendocrine L cells. The effects of prebiotics supplementation on the increase of plasma PYY and GLP-1 concentrations are paradigmatic of the host-gut microbiota interaction. Oligofructose (OFS) supplementation promotes GLP-1 secretion in proximal colon [74] and colonic infusion of propionate stimulates the release of GLP-1 and PYY [75] .
With respect to the deleterious effects of obesity on microbiota ecosystem, the ingestion of dietary fats and in particular of fat-rich diet increases the circulating levels of lipopolysaccharide (LPS). LPS represents the most part of the outer layer of Gram-negative bacteria, an endotoxin originating from gut microbiota with a potent inflammatory action that is believed to underlie the obesity-associated intestinal permeability and increase of LPS plasma levels (i.e., metabolic endotoxaemia) [76] . Even acute high fat meal consumption can elicit a postprandial inflammatory response that is often observed as transitory increase of endotoxaemia [77] . Interestingly, consumption of fat meals enables the intestinal absorption of LPS from the gut and chylomicrons formation has been identified as one factor underlying LPS absorption and chronic inflammatory state [78] . However, different types of dietary fats can elicit different effects on lipaemia (i.e., excessive blood concentrations of lipids), chylomicrons accumulation and postprandial endotoxaemia. For instance, oil emulsification appears much more harmful for postprandial lipaemia than consumption of the same nonemulsified oil (sunflower oil) [79] . This study investigated some possible events linking systemic inflammation, lipid digestion and endotoxin absorption at the light of the large use of oil emulsification in several common industrial foodstuffs. The oral gavage in rats of emulsified sunflower oil produced higher endotoxaemia and hypertriglyceridemia than that caused by the ingestion of non-emulsified sunflower oil. Moreover, healthy humans consuming a mixed meal containing emulsified fat (e.g., margarine, butter) showed transient postprandial endotoxaemia (i.e., plasma endotoxin concentration) and increased plasma levels of the endotoxin soluble receptor sCD14 that is a marker of endotoxin exposure, and a peak of inflammatory cytokine IL-6 two hours after meal ingestion [79] . In contrast to the intake of a rapeseed oil-based diet, the intake of palm oil increases both plasma levels of pro-inflammatory IL-6 and ratio of LPS to the soluble form of binding-protein CD14 (sCD14), which tend to increase as a function of the intensification of the inflammatory response [80] . Thus, fatty acids profile can drastically impact the microbiota-gut-brain function increasing or decreasing chronic inflammation burden by the way of dietary lipid composition. In healthy adults, postprandial endotoxaemia was found maximum after intake of saturated fats (i.e., coconut oil) and reduced after n-3 PUFAs (i.e., DHA) ingestion [81] .
As described in details in paragraph 4, PUFAs have a key role in inflammation. In fact, among ARA-derived mediators, LXs can participate to "resolve" inflammation as reported for their signaling activity addressing neutrophils to migrate towards the site of inflammation, accelerating neutrophils apoptosis and clearing, and delaying apoptosis of macrophages [82] . Among n-3 PUFAs, SPMs exert potent anti-inflammatory and protective actions via multiple mechanisms as the blockage of neutrophil and eosinophil infiltration, the activation of macrophage phagocytosis, scavenging of inflammatory chemokines and the stimulation of antimicrobial defense mechanism [83, 84] . Thus, n-3 PUFAs may regulate the immune response via the action of SPMs. Given the major impact of diet and nutrients on gut microbial composition, the immune function can be deregulated in case of dysbiosis (diet-induced metabolic endotoxaemia) and, on the contrary, protected by the generation of SCFAs. The fact that both SCFAs and n-3 PUFAs stimulate the immune function and regulate the inflammatory response is a challenge for our current vision of the interplay between nutrition, immune regulation and pathogenesis of inflammatory-dependent diseases.
Lipid Sensing, Satiety and Processing of Hedonic Food
An interesting point of convergence between epidemic obesity in Western countries and changes driven by dietary lipids in gut microbiota, dysbiosis and chronic systemic inflammation relies on the notions of "nutrient sensing" and metabolic-sensing neurons. Nutrients are indeed signaling molecules conveying information about whole-body energy status and microbiota changes to the brain and the immune system. In turn, the brain is the most powerful unit for the processing of nutrient-associated information, including food-associated reward. Neurons sensitive to metabolic and nutrient information are distributed in the ventromedial and arcuate nuclei (ARC) of the hypothalamus in which fuels, gut-derived signals and macronutrients can be detected [85, 86] . However, in extra-hypothalamic areas, metabolic sensing neurons have been identified in the nucleus of the solitary tract (NST) and in the midbrain ventral tegmental area. In particular, the NST emerges as an integrative structure for descending hypothalamic melanocortin inputs and ascending gut-derived satiety signals. Recently, the existence of aminoacid (L-leucine)-dependent satiety signaling detected by NST neurons [87] has been described, which can curb food intake unless animals are fed with HFD [88] . This desensitization of anorexiant signals transmitted through the gut-brain communication occurs as consequence of HFD intake, and is emblematic of the vulnerability of the homeostatic regulation of food-derived energy intake. For an efficient system of homeostatic control, we can predict that energy intake and time intervals between the meals generate molecular signals that are orchestrated with those generated by the energy reservoir (i.e., adipose tissue stores), as for instance by the leptin-dependent satiety signals. Interestingly, the satiety and satiation signaling system is organized redundantly and a plethora of signals are generated through the gut-brain axis. Without considering pancreatic and stomach hormones, in the proximal and distal intestine as well as in the duodenum, we can at least enumerate CCK, neurotensin, GLP-1, PYY, oxyntomodulin, serotonin, obestatin and nesfatin as satiation-triggering signals. In the last years, there has been an intense debate about the pressure exerted by our affluent environment and the prevailing model of food consumption where easily accessible energy-dense and high palatable food can hijack the homeostatic control of food ingestion. This obesogenic food environment is charac-terized by highly hedonic foods whose signals are processed by separate, though partly overlapping with the homeostatic system, neural circuitries. Hedonic eating involves cognitive, rewarding and emotional aspects (e.g., food seeking) that are processed by corticolimbic structures, including orbitofrontal cortex, ventral tegmental area (VTA), ventral striatum and amygdala [89] . As "canonical" satiety hormone leptin is a powerful example of the multiple homeostatic and nonhomeostatic mechanisms underlying its anorexiant action. Indeed, leptin acts on hypothalamic ARC and dorsomedial nuclei to reduce food intake and increase thermogenesis but also on lateral hypothalamus to control mesolimbic dopaminergic (DA-ergic) transmission within VTA and projecting DA-ergic neurons to the ventral striatum. Fat consumption is highly attractive and pleasurable for humans as well as for rodents, and high palatability intensifies the consumption of larger meals and, consequently, the risk to develop brain insensitivity to leptin signaling. Nevertheless, there are dietary fats that can help in the fight against the obesogenic effects of hedonic eating and the potential derangement of leptin signaling system. On one side, eCBs are a special class of ARA derivatives that play a critical role in energy balance and feeding regulation. The best-known and described eCBs, AEA and 2-AG produce robust effects in terms of energy preservation, increasing energy intake and lipid storage, also contributing to the consumption of hedonic food via the increase of DA release in mesolimbic structures [90, 91] . Moreover, while the content of eCBs in the food is negligible to mimick eCB-mediated physiological effects [92] , the eCBs levels can be modulated by dietary fatty acids intake, and in particular, by the ingestion of linoleic acid, the precursor of ARA [93] . The oral administration of the probiotic Lactobacillus acidophilus demonstrated to induce the expression of CB2 receptors in intestinal epithelial cells [94] , providing a seminal evidence for the existence of a communication system between microbiota, probiotics and modulation of the eCB function.
On the other hand, the direct infusion of fat into the duodenum is a signal that can elicit satiety or reduce meal size (i.e., satiation), in both cases eliciting feeding inhibition and anorexigenic responses. The release of CCK from enteroendocrine cells is one of the mechanisms by which dietary fats such as PUFAs can produce inhibition of feeding responses [95] . There are lipid mediators such as oleoylethanolamide (OEA), palmitoylethanolamide (PEA) and linoleoylethanolamide (LEA) that are members of the family of fatty acids ethanolamide (namely N-acylethanolamines, NAEs) except they do not bind CB1 and CB2. For its nature of bioactive lipid mediator and the physiological role of satiety factor able to increase intervals between meals, OEA has been strongly investigated in the last years. OEA is synthesized in the upper intestine by duodenal and jejunal enterocytes that internalize dietary triacylglycerols-derived oleic acid as substrate and generate OEA [96] . OEA production in the jejunal and duodenal enterocytes upon intake of dietary fat-derived oleic acid is a well-characterized mechanism and site of OEA synthesis [96] . Nevertheless, depending on the nutritional status, different levels of OEA are found also in duodenum, stomach, colon, adipocytes, liver, kidney, lung, pancreas, heart and muscle [97] [98] [99] . The mechanisms underlying the action of OEA as satiety factor is paradigmatic of the role of post ingestive processes and fat sensing for the control of dietary fats intake. Several studies have contributed to reveal that OEA binds with high affinity the subtype alpha of the peroxisome proliferator-activated receptors (PPARalpha) producing satiety responses that are not observed in mice lacking PPAR-alpha [97] . Interestingly, it has been reported that OEA can also evoke the secretion of GLP-1 and produce anorexic effects by engaging the G proteincoupled receptor 119 (GPR119) [100] . The mode of action of OEA illustrates a case of lipid-derived sensor of dietary fats connecting food intake and fatty acids sensing in the gut to hypothalamic fatty acids sensing. Although controversial as for the subdiaphragmatic vagal deafferentation [101] , OEA-induced hypophagia is abolished in case vagal sensory afferents are lost as for pharmacological treatment or surgical resection [97, 102] . Next, intraperitoneal OEA administration increases transcription of the early gene c-Fos in the NST [102] , and protein expression in oxytocin-immunoreactive neurons in hypothalamic paraventricular (PVN) and supraoptic nuclei (SON) and in the histaminergic tuberomammillary nucleus [103] . Thus, at least two neurotransmitter systems appear involved in the brain control of OEAinduced anorexigenic effects. First, PVN and SON activation increases oxytocin mRNA levels and neurosecretion whereas blockade of oxytocin receptors suppresses OEA-induced hypophagia [103, 104] . Secondly, the hypophagic effects of OEA are abolished in case brain histaminergic system is not fully functional and the integrity of histamine transmission is also required for the OEA-dependent increase of c-Fos expression in oxytocin neurons of the PVN [103] . This is the first demonstration that an intestinal lipid formed upon dietary fats ingestion generates a satiety signal that is decoded by the brain histaminergic system [103] . In spite of its selectivity, this mechanism may contribute to explain several physiological pathways linking intestinal fat sensing to brain circuits involved in energy intake but also in reward assignment to palatable food. Indeed, OEA activity can also help to disclose some mechanisms underlying the obesogenic effects triggered by the overconsumption of palatable energy-dense food, linking fat sensing within the gut-brain axis to homeostatic and hedonic processing of food intake. Prolonged intake of high fat food reduces the intestinal levels of NAEs [105] and also deregulates the nigrostriatal DA release evoked by intragastric lipid infusion [106] . Remarkably, intestinal OEA infusion can revert and normalize DA signaling, and exogenous OEA infusion also appears to reestablish the OEA-mediated anorexigenic effects but only in mice fed with a low-fat diet [106] that increased the intake of a lipid emulsion in parallel with the increase of striatal DA signaling of rewarding food. The link between the homeostatic control of energy intake and brain reward circuits is demonstrated by the increased intake of a non-palatable low fat emulsion following OEA administration in HFD-fed animals. Thus, prolonged intake of HFD may lead to overconsumption of dietary fats because of the lower intestinal OEA levels and reduced brain DA signaling. OEA links fatty acids sensing in the gut to central processing of hedonic hunger and its ability to affect brain DA signaling might contribute to reassign a reward value to foods normally considered as non-palatable or barely hedonic.
In this view, OEA is a member of a family of lipids that is worth investigating for a better understanding of the lipidsensing gut-brain pathways and detection of effective drug targets for the treatment of obesity and eating disorders.
THE IMPACT OF DIET ON THE HYPO-THALAMIC CONTROL OF REPRODUCTION
The survival and perpetuation of species are preserved through reproduction. This process requires adequate energy resources, likewise indispensable to support the biosynthesis of sex steroids, the production of high quality gametes, pregnancy and lactation in mammals. In conditions which cannot ensure the correct use of the metabolic resources, the body needs to define priorities to preserve physiological processes essential for survival. In this sense, puberty onset, fertility rate and successful pregnancy all depend on diet and energy homeostasis, as excellently reviewed elsewhere [107] . Nevertheless, it is interesting to note that the increase of metabolic disorders matches with increased rates of infertility in developed and developing countries, as a consequence of environmental factors such as over-nutrition and sedentary lifestyle [108] . Furthermore, nutritional status of parents may impact gamete epigenome with effects on metabolic and reproductive health of the offspring [109] . As described in the previous paragraph, several metabolic sensors from adipose tissues and gut sense the availability or the lack of nutritional resources and, via specific receptors located in peripheral tissues or in the brain, exert local activities on gonads or integrate the gut-brain communication to the HPG axis ( Fig. 2) with outcomes depending on species, sex and life stages [110] . Therefore, in the next paragraphs, we provide a survey on the centrally mediated effects of diet on reproduction via the capturing peripheral signals in the brain (i.e. leptin, ghrelin) and in situ production of orexigenic and anorexigenic peptides that directly or indirectly convey dietary cues on HPG axis. Possible interplay with lipid mediators such as eCBs is lastly discussed.
Role of Orexigenic and Anorexigenic Peptides in Reproduction
A complicated network of neuronal circuits supervises reproductive functions, attempting to coordinate and converge towards the HPG axis environmental, hormonal and metabolic conditions ( Table 1) . A hierarchical actor in HPG axis is the decapeptide Gonadotropin-Releasing Hormone (GnRH), with its well-known role in the stimulation of pituitary gonadotropins and downstream of gonadal functions [140] [141] [142] [143] [144] . Due to their excellent position in the hypothalamus, GnRH neurons are the best candidate to relay metabolic information to the HPG axis, thus they start a dynamic inter- Fig. (2) . A schematic view of the interplay between the HPG and gut-brain axis. Kisspeptin neurons convey to GnRH neurons a plethora of central and peripheral metabolic signals. Orexigenic and anorexigenic peptides influence kisspeptin neurons with stimulatory or inhibitory effects, respectively. In addition, peripheral hormones such as leptin and ghrelin, coming from adipose tissue and gut, respectively, via kisspeptin neurons, inform the HPG axis of metabolic reserves of the body. As final effect, in both sexes, the reproductive activity may be stimulated or inhibited.
play with the wide range of the signals involved in the metabolic control of reproduction [145, 146] .
The relationship between metabolism and reproduction is centrally orchestrated by orexigenic and anorexigenic neuropeptides produced in the ARC [147] (Table 1 ). First class includes peptides able to stimulate the appetite, such as neuropeptide Y (NPY), agouti related protein (AgRP), melaninconcentrating hormone (MCH); the second one includes appetite inhibiting neuropeptides such as proopiomelanocortin (POMC) precursor and cocaine-and amphetamine-related transcript (CART) [116] . Strong evidence confers important roles in reproduction to these metabolic neuropeptides, through their ability to directly contact GnRH neurons [148] [149] [150] [151] [152] , thus influencing gonadotropin discharge [108] .
One of the major peripheral indicators of body metabolic reserves is leptin, a peptide hormone produced by white adipose tissue [123] . Leptin is an essential threshold factor in the control of puberty onset by food intake [118] and such an action has GnRH neurons as potential targets. Many data demonstrate that GnRH neurons are devoid of functional leptin receptors, thus intermediate neuronal pathways convey HPG nutritional cues [153] . In such a context, kisspeptinskiss1 gene produced peptides [154] -have an important role through the activation of kisspeptin receptor GPR54 [155] . In fact, the kisspeptin system has a prominent role in the central and local regulation of reproduction as upstream modulators of GnRH [144, [156] [157] [158] [159] [160] . Kisspeptin system deeply responds to gonadal and metabolic factors [161] [162] [163] , including leptin. In fact, ~40% of kisspeptin neurons located in the ARC express leptin receptor [124] . Under caloric restriction or fasting, leptin levels in blood dramatically decrease, causing a drop in hypothalamic kiss1 mRNA expression [164] ; thereafter, leptin administration ameliorates kiss1 levels [124] . Interestingly, Ob/Ob mice, lacking leptin gene, show increased appetite and are affected by obesity and sterility. Reduced expression of kiss1 in the ARC, but not in the AVPV, causes hypogonadotropic hypogonadism in this animal model [124] . However, indirect action of leptin through other hypothalamic neurons in tight connection with kisspeptin neurons cannot be ruled-out [165, 166] . In fact, the selective ablation of leptin receptor from hypothalamic kisspeptin neurons does not alter puberty onset [167] . Consistently, functional crosstalk between kisspeptin neurons NPY and POMC has also been unraveled [133, 168] .
Diet can affect reproduction through the inhibition of kisspeptin signaling in diabetes mellitus affected rats as well as diet-induced obese (DIO) male rats [169, 170] . Fasting also reduces kiss1 mRNA expression in the prepubertal rat [164] and adult mice [168] hypothalamus. Accordingly, kisspeptin administration reverses starvation-induced hypogonadotropism [164] . Similar responses in fasting conditions have been observed on GPR54 mRNA expression [124] .
Lastly, under/overnutrition results in a time shift of puberty through kisspeptin system. In rats, maternal food restriction delays the onset of puberty in offspring of both sexes [171] , whereas HFD during pregnancy advances puberty onset in female offspring [172] . Accordingly, HFD during lactation alters pubertal development in female offspring only [173] . All the above effects implicate the regulation of kisspeptin expression in the ARC depending on serum leptin levels [173] .
Together with leptin, ghrelin also contributes to inform the hypothalamus of changes in peripheral energy balance. Ghrelin is a peptide secreted by the gastrointestinal tract, working as an orexigenic factor [115] ; in volunteers, intravenous ghrelin infusion increases appetite and food intake by 28% [174] . Plasma levels of ghrelin rise almost 2-fold immediately due to fasting and fall after the ingestion of food [175] . However, the exact molecular mechanism by which this hormone regulates feeding is poorly understood. As far as the activity on the HPG axis is concerned, ghrelin has an inhibitory effect on both Luteinizing Hormone (LH) and Follicle Stimulating Hormone (FSH) release. This effect is due to the inhibition of hypothalamic GnRH neurons and direct suppressive effects on gonads [176] . In animal models, ghrelin has the ability to delay puberty onset in response to insufficient energy states, via the modulation of kiss1 expression [115, 117, 177] .
However, different sensitivity to ghrelin administration during pre-pubertal period has been reported between males and females [178] .
Post-pubertally, circulating ghrelin levels drastically increase in case of body weight decrease induced by diet/exercise [179] ; similar effects have been observed in young amenorrheic athletes which also show decreased LH and GnRH pulsatility [180] . Consistently, ghrelin administration disrupts fertility in adul female rats [117] . All these observations support the idea that abnormal eating behavior influences ghrelin levels, with possible suppression of the reproductive axis through kisspeptin regulation and GnRH/LH inhibition.
Therefore, a balance between leptin and ghrelin is maintained in the ARC, at the levels of NPY/AgRP and Kisspeptin populations. Leptin inhibits NPY/AgRP and stimulates Kisspeptin circuits, ghrelin does quite the opposite [181] .
The Involvement of eCBs in the Central Pathways Integrating Metabolism and Reproduction
The functional interplay that links the main actors in food intake (i.e. peripherally and centrally produced orexigenic and anorexigenic peptides/hormones) to the main gatekeepers of reproduction (i.e. Kisspeptin and GnRH) finds in the n-6 PUFA ARA derived eCBs key signaling intermediates. [10, 13, 16, 17, 18, 141, 143] .
Interestingly, during the 20 th century, Western diet has been subjected to deep changes, with an enrichment in n-6, over n-3 PUFA assumption, thus contributing to the onset of overweight and obesity [182, 183] . Diet is an important source of ARA (further details in parapraph 4) and thus, in addition to enzymatic hydrolysis, it is realistic that the tone of eCBs might be modulated by the fatty acid composition of food [184] , with different outcomes on health including the centrally orchestrated control of reproduction.
ECBs work as orexigenic factors, stimulating food intake and promoting the accumulation of body fat [13, [185] [186] [187] [188] . Elevated circulating AEA and 2-AG levels and a parallel drop in the FAAH activity in obese subjects corroborate the role of the eCB system in human obesity [189] . Accordingly, the activation of CB1 increases food intake [190] , while its genetic and pharmacological impairment implicates less food assumption [191, 192] . The reintroduction of n-3 PUFA in the Western diet, and so of EPA and DHA, may help to restore eCB tone [193, 194] , since experimental data suggest that a dietary treatment with n-3 PUFA decreases the concentration of AEA and 2-AG in the visceral adipose tissue and AEA levels in the liver and heart [195] .
Therefore, CB1 seems to cooperate with key hypothalamic peptides involved in the regulation of energy homeostasis, like POMC/CART neurons into ARC [131] . In this regard, the orexigenic effect of AEA may be centrally mediated by inactivation of CART immunoreactive fibers [196] . This crosstalk seems to be well demonstrated in male mice chronically exposed to Bisphenol A (BPA) via drinking water [197] . In these animals, BPA works as a powerful anorexigenic signal, depressing cannabinoid signalling and upregulating the hypothalamic expression of CART [197] .
However, some evidence support the hypothesis that the regulation of food intake by eCBs within the hypothalamus might be more complex with a bimodal orexigenic and anorexigenic action, depending on whether CB1 is activated in glutamatergic or GABAergic terminals, respectively [198] .
A strong interaction has also been suggested between eCB system and leptin, the latter producing its anorexigenic effects through the inhibition of hypothalamic eCB levels [199] ; accordingly, in Ob/Ob mice, there is an overactivation of the hypothalamic eCB signalling [199] . Similarly, a functional synergic overlap in promoting food intake has been demonstrated between ghrelin and eCBs, at both central and peripheral levels [200] . Ghrelin positively regulates the tone of eCBs and hypothalamic 2-AG levels increase after food deprivation and decrease after food consumption in parallel to ghrelin [201] . Thus, both leptin and ghrelin require a functional CB1 signalling to exert their respective anorexigenic and orexigenic effects, since in the hypothalamus of CB1 knockout mice, these effects are abolished [202] .
An eCB system has been detected in GnRH secreting neurons, in hypothalamic cell lines, both in in vitro and in in vivo models and either in mammalian and non-mammalian vertebrates [203] [204] [205] . AEA can modulate GnRH biosynthesis, release or signaling via CB1 both centrally and peripherally [14, 17, 18, 204, [206] [207] [208] [209] [210] . Outcomes on steroid biosynthesis, gametogenesis, gamete quality and fertility rate have been reported [16-18, 142, 211, 212, 213] . Consistently, the characterization of the reproductive phenotype in CB1 knockout mice revealed impairment of HPG axis at multiple levels [214, 215] . At molecular levels, several mechanisms have been reported. Classically, eCBs act as retrograde signals to reduce GABAergic synaptic transmission to GnRH secreting neurons, but involvement of glial cells and the direct activity on subsets of GnRH secreting neurons that express CB1 have been reported [17, 18] .
Lastly, updates in the modulation of GnRH via eCBs recently come from a non-mammalian vertebrate model, the anuran amphibian Pelophylax esculentus and address kisspeptin secreting neurons as a new target for eCBs in the modulation of HPG axis [207, 210] . Interestingly, in male rats exposed to immobilization stress, kiss1 mRNA decreases in the medial preoptic area rather than in the ARC and serum LH concentrations reduce as a consequence of the HPG axis suppression [216] . Thus, despite the fact that the involvement of eCBs in the functional interplay between kisspeptin and GnRH-secreting neurons in physiological conditions has never been investigated so far in mammals, data in amphians deserve attention since most master regulatory systems are evolutionarily conserved [143] .
NEUROPROTECTIVE EFFECTS OF n-3 PUFAS
The main n-6 and n-3 LC PUFAs found in the brain are the ARA (20:4 n-6) and DHA (22:6 n-3) respectively. Both these LC PUFAs have pivotal roles in brain physiology as they regulate fundamental neurobiological processes, in particular those involved in cognition [8, 217] . Neuroprotective activities of LC n-3 PUFAs DHA and EPA are believed to be potent for protection and/or treatment of cognitive decline and dementia [218] [219] [220] [221] [222] [223] . We refer to recent seminal reviews reporting on the mechanisms potentially involved in the neuroprotective activities of LC n-3 PUFA [8, [223] [224] [225] [226] [227] . Here, we briefly discuss recent findings on LC n-3 PUFAs role in neuroinflammatory pathways and eCB system regulation.
Dietary PUFAs and Brain PUFAs Metabolism
In the brain, LC-PUFAs are largely esterified to the phospholipid cell membrane of neurons and glial cells (astrocytes, microglia and oligodendrocytes). ARA represents 5 to 11% of total brain phospholipids while DHA represents 13 to 22% [228] . Brain phospholipids enriched with DHA are especially present in grey matter and synapses. Due to the limited capacity of the brain to synthesize LC PUFAs [229, 230] , they have to be provided through the diet either as precursors [n-6 linoleic acid (LA) and n-3 αlinolenic acid (ALA) found in vegetable oils and grain products] or as preformed ARA and DHA (found in meat products and fish, respectively) [231, 232] . Hence, increased consumption of n-3 PUFAs rich products results in a partial replacement of ARA by DHA in brain cell membrane [228] . Conversely, a lower n-3 PUFAs intake leads to lower brain levels of DHA with increased ARA levels. LA and ALA are metabolized into ARA and DHA through a series of elongation and desaturation steps. The fatty acid desaturase (ΔD, gene FADS) Δ5D and Δ6D are rate-limiting enzymes. In humans, carriers of specific genetic variants of FADS display higher biological status of LA and ALA (PUFAs precursors) and lower status of LC-PUFA products, ARA and DHA [233] .
Of note, observational studies in humans revealed a gender difference in PUFAs levels, with higher ARA and DHA reported in women as compared to men [233, 234] . These differences could be linked to sex hormones as they influence PUFAs metabolism with estrogen stimulating, and testosterone inhibiting the conversion of both n-3 and n-6 precursors into their respective long chain metabolites [235] . However, whether these differences in PUFAs have a role in specific brain diseases with a gender component has been poorly questioned and requires further investigations.
As the endogenous synthesis of DHA from ALA is extremely inefficient, the consumption of preformed DHA from fish sources is recommended. DHA is likely to enter in the brain from the blood, but the mechanisms involved are still a matter of debate [8, 236] . While numerous data show that non-esterified DHA freely enters the brain [8] , an orphan receptor, the major facilitator superfamily domaincontaining protein 2a (Mfsd2a) has been described as important to transport DHA in the form of lysophosphatidylcholine (LPC) through the blood brain barrier (BBB) [237] . In retinal cells, adiponectin receptor 1 has been recently identified as a key factor for DHA uptake and retention [238] .
Role of PUFAs in the Regulation of Neuroinflammatory Processes
DHA, ARA and their mediators regulate several processes within the brain, such as neurotransmission and neuroinflammation, which are key processes in cognition [8, 216, 239] . Upon activation of phospholipase A2 (PLA2), unesterified ARA and DHA are released from cell membrane and exert their effects directly or upon conversion to a series of bioactive mediators [240] . The major enzymes involved in the synthesis of ARA and DHA bioactive mediators are COX, LOX and cytochrome P450 [241] .
Neuroinflammatory pathways are involved in cognitive impairment and neurodegenerative diseases such as Alzheimer's disease. Neuroinflammation involves the brain innate immune system, mainly microglial cells [242, 243] . It is now well accepted that in the healthy brain, these cells modulate synaptic functions, in particular through the phagocytosis of unnecessary synapses [244] and protect neurons from infection or damage [245, 246] . Indeed, microglia deregulation due to aging or neurodegenerative processes participates to synaptic loss observed not only in Alzheimer's disease [247] but also in chronic stress conditions [248] or dietary lipid unbalance [249, 250] . In addition, aging and neurodegenerative diseases are accompanied by increased proinflammatory factors such as cytokines and reactive oxygen species (ROS) production, which participate to neuronal death, neuropathological processes and promote cognitive deficit [23, 251] .
COX and LOX enzymes facilitate the conversion of ARA into several prostanoids including PG, LT, TX and LX. These enzymes play a crucial role in the progression of inflammation, either within the brain [8] . COX2 expression is particularly high in neurons. Among ARA/COX2 derived prostanoids, PGE2 is a potent signaling molecule, which regulates neurotransmitter release, neuroinflammation and cerebral blood flow. COX2 expression is upregulated during inflammatory processes in neurons and microglia and its role, together with PGE2, has been consistently reported in inflammation-associated memory impairment [252, 253] . Interestingly, several studies report that blocking COX1/2 with non-steroidal anti-inflammatory drugs (NSAIDs) protects against cognitive impairments in animal model of Alzheimer's disease suggesting a role for PGE2 and COX2 in memory impairment [254] . This is consistent with the observation that in normal population, NSAIDs assumption prevents Alzheimer's disease [255] . Such a protective effect of COX inhibition relies on the prevention of neuroinflammatory processes and the promotion of adequate microglia activity. Indeed, in animal models of Alzheimer's disease, PGE2/EP2 blockade in microglia potently reverses the Aβ42 driven pathogenicity and memory loss [256] . However, no beneficial effects of NSAIDs treatment in Alzheimer's disease patients have been reported, suggesting that preventing COX activation is efficient before the establishment of the disease. LOX-derived ARA prostanoids are also incriminated in neuroinflammatory processes and memory loss. 5-LOX expression is increased in the brain of patients with degenerative diseases, including Alzheimer's disease [257] and the role of ARA-derived LOX bioactive mediators in neuroinflammatory processes is well established [258] . Indeed, a dual COX/5-LOX inhibition to reduce production of PG and LT with proinflammatory activities is proposed as a new therapeutic approach for neurodegenerative diseases [259] . In this context, it would be of high interest to consider n-6 and n-3 PUFAs status, as both fatty acids are metabolized through the COX/LOX pathways into derivatives with opposite properties in inflammation [8, 23] . While it has long been recognized that bioactive metabolites of ARA are responsible for many of the actions of ARA, bioactive metabolites of DHA have been identified and characterized more recently [241] . In the brain, several DHA-derived mediators are detected, like, in particular, the LOX-derived SPMs neuroprotectin D1 (NPD1), resolvin D5 (RvD5) and maresin 1 (MaR1) [241, 260] . Both DHA and derived SPMs display potent anti-inflammatory activities in vivo and target microglia [252, [261] [262] [263] [264] . DHA and SPMs are impaired at the periphery and within the brain of Alzheimer's disease patients [265, 266] and in accelerated aging mice model [267] . Interestingly, decreased DHA distribution in Alzheimer's disease patient's brains correlates with synaptic loss than Aβ42 deposition [268] . In addition, DHA or SPMs promote phagocytosis of Aβ42 by microglia [269] and modulate the number and activation of microglial cells in vivo [270] . Whether SPMs play a role in the protective activity of long chain n-3 PUFAs on neurological disorders remains to be established.
Role of PUFAs in the Regulation of Brain eCB System
As previously mentioned, eCBs are important PUFAsderived lipid mediators within the brain and are produced by both neurons and glial cells [271] . The main brain ARAderived eCBs are AEA and 2-AG, while docosahexaenoylethanolamide (DHEA or synaptamide) is an eCB-like molecule derived from DHA [194] . ECBs' half-life within the brain is regulated by specific catabolizing enzymes like fatty acid amide hydrolase (FAAH) for AEA and DHEA and monoacylglycerol lipase (MAGL) for 2-AG. Importantly, COX and LOX oxidize ARA-derived eCBs into bioactive PG, which promotes inflammation [272] . DHEA has a lower binding affinity for CB1 and CB2 as compared to AEA and 2-AG and binds GPR receptors, in particular GPR110 within the brain [273, 274] . Dietary n-3/n-6 PUFAs ratio directly influences the proportion of ethanolamides derived from ARA and DHA [193] . Importantly, these changes in eCBs are accompanied by impairment of CB1 activity in the brain, leading to synaptic activity impairment in several brain structures [20, 21, 275] . 2-AG and AEA regulate synaptic functions suppressing excitatory and inhibitory synapse neurotransmitter release by acting as retrograde messengers at presynaptic CB1 [276] . Recent studies show that ARAderived eCBs also modulate synaptic transmission through post-synaptic receptor TRPV1 or through CB receptors expressed on astrocytes [271, 277] . The importance of brain eCB signalling in the understanding of how altered dietary intake of PUFAs correlates with a range of neurological disorders is of high interest. However, further studies are necessary to demonstrate these links [278] . A schematic representation of PUFAs synthesis from food, PUFAs entry across the BBB and production of PUFAs bioactive derivates in neuronal cells are provided in Fig. (3) .
Clinical Trials with Dietary n-3 PUFAs
Several correlative epidemiological studies highlight that the consumption of n-3 PUFAs-rich food has potential neuroprotective effects through their anti-inflammatoy activities within the brain [239] . In particular, these studies revealed the positive association between n-3 PUFAs and cognitive performances in elderly and/or patients with neurodegenerative diseases such as Alzheimer's disease [8, 279] . These observations led to a number of clinical trials aimed at assessing whether dietary supplementation with LC n-3 PUFAs, mainly EPA and DHA, can restore cognitive function in elderly, patients suffering of Alzheimer's disease or at risks of cognitive decline, psychosis or mood disorders [217, 280, 281] . Some of the clinical trials studying the impact of LC n-3 PUFAs on cognition in healthy or unhealthy subjects are presented in Table 2 . Overall, the results are mitigated. In particular, several trials reveal no improvement of cognitive decline in Alzheimer's disease patients ( Table 2) . Of note, some clinical trials report an improvement in cognition in subjects with mild cognitive decline (MCI). Interestingly, a randomized control trial (Multidomain Alzheimer Preventive Trial, MAPT) reported that elderly with the lowest quartile of DHA in erythrocytes get benefit from the LC n-3 PUFAs supplementation with regard to cognitive improvement [292] . This promising study further highlights the importance of assessing dietary intake of n-3 PUFAs and/or biological index of these FA to supplement subjects at risk of cognitive decline.
THE THERAPEUTIC "FAT DIETS": THE KETOGENIC DIETS
After so many observations about the detrimental effects of the excess of dietary fats on health, it could seem a paradox that a diet composed of fat by more than 90% is currently used as a therapeutic resource. These kinds of therapeutic diets are nearly free of sugar, contain an adequate amount of proteins, vitamins and minerals, and are calorie restricted by roughly 10-25%. They are commonly named "ketogenic diets" (KDs). In fact, there is a lack of glucose from the diet and from neoglucogenesis, given the poor amount of aminoacids assumed in the diet, thus the liver produces ketone bodies: acetoacetate, beta-hydroxybutyrate and acetone [303] .
KDs have an anti-epileptic effect and are currently used to treat drug-resistant epilepsies in children [304] even in less restrictive and more palatable forms such as the lowglycemic index diet and the modified Atkins diet [305] . The use of KDs in adults is limited due to poor compliance to the treatment, but recent studies suggest that KDs can be effective in adults as well [306, 307] . The use of KDs as a treatment for epilepsy originated from the very ancient observations about the beneficial effects of fasting, since the times of Hyppocrates. After understanding metabolic pathways in modern era, the attention was focused on the ketogenic effects of fasting, so a ketogenic diet was proposed for the treatment of epilepsy since 1921 [308, 309] .
The mechanism for such anti-epileptic effect is actually unknown. Because one of the most evident metabolic effects of KDs is the elevation in blood levels of ketone bodies, many studies have searched for possible anti-epileptic effects of ketone bodies [303] , but the results of these studies fail to ultimately confirm that this is the main mechanism of action of KDs.
Simple clinical observations, for example, give somewhat strange data. In fact, while the elevation of blood ketones can be simply obtained by fasting for 12-24 hours, an effective anti-epileptic effect is only observed several weeks Alzheimer's disease patients 1.7 g DHA and 0.6 g of EPA 6 months Cognition (MMSE) No improvement of cognition Positive effect in a small group of patients with very mild Alzheimer's disease [302] after the initiation of a KD. This observation suggests that ketone bodies should not have a direct, clinically relevant, anti-epileptic effect. On the other hand, the acute assumption of a small amount of sugar is able to abruptly abolish the anti-epileptic effect of KDs, with even possible immediate induction of seizures [310] . This would suggest an important role for low glicaemia or high blood ketones.
In rat models, some studies have shown that ketone bodies can have acute anti-seizure effects [311, 312] and that an acute administration of a synthetic ketone ester can have a small anti-seizure effect [313] . In vitro studies have also suggested that acetoacetate and beta-hydroxybutyrate can decrease the activity of neurons within the substantia nigra, which is an important center for the propagation of seizures [314] and that acetoacetate inhibits vesicular glutamate transporters [315] . However, it has not been proven that a prolonged administration of a synthetic ketone precursor produces a significant anti-epileptic effect. Actually, calorie restriction is believed to have an important role for the effects of KDs [316, 317] . In fact, even fasting is known to have anti-epileptic effects since the beginning of the 20 th century [309] . It has been argued that the energy metabolism could be involved in the anticonvulsant mechanism of KDs [318] and that some of the biochemical effects induced and maintained by KDs could have anti-seizure properties. The biochemical pathways evaluated until now include ketone bodies production, GABA and glutamate synthesis and recycling, adenosine production, mitochondrial oxidative me-tabolism, tricarboxylic acid cycle refueling and fatty acids oxidation [319] . It is supposed that such metabolic effects act on brain neurotransmitter production or on ion channel functioning [320] and that the substantia nigra could be particularly involved in these effects [314, 321] . Surprisingly, despite KD is a high-fat diet, few studies have assessed the effects of KD on lipid levels or proportion within the central nervous system. Two recent studies reported an increase in the content of unsaturated fatty acids within the hippocampus [322, 323] , but this topic certainly deserves to be further investigated.
Taken together the above data indicate that blood levels of ketone bodies have not a direct, clinically relevant, antiepileptic effect, but they should be considered an index of the compliance of patients to the diet regimen.
Interestingly, KDs have been proposed to treat many other neurological diseases, like brain trauma, Alzheimer's disease, Parkinson's disease, Amyotrophic Lateral Sclerosis, mitochondriopathies, alternating hemiplegia of childhood, brain tumors, migraine and autism spectrum disorders [324, 325] . Again, the mechanism for the beneficial effects of KDs in these pathologies is unknown, but it is supposed to involve an amelioration of the metabolic pathways for energy utilization in the cells of the nervous system.
KDs also have other interesting therapeutic effects. In fact, it has been acknowledged that KDs produce weight loss and ameliorate glycaemic control and blood lipid profile in metabolic syndrome, insulin resistance and type 2 diabetes [324] . These effects are probably due to the low carbohydrate intake which obviously ameliorates the glycaemic control and promotes lipid catabolism.
There are also some studies reporting possible beneficial effects of KDs on tumor progression [326, 327] . It can be argued that such effects could be ascribed to the restricted availability of nutrients from the diet, particularly aminoacids, which are obviously a limiting factor for cellular growth and, thus, for tumor growth. Another possibility is that KDs could enhance the oxidative stress in cancer cells resulting in a greater vulnerability of these cells to radiation therapies [328] .
KDs can have transient adverse effects, like gastrointestinal distress, acidosis, hypoglycaemia, dehydration, hyperlipidaemia, and lethargy. Long treatment with KDs is a risk for vitamin and mineral deficiency which can produce easy bruising, impairment of growth and bone fractures. Hyperuricaemia and kidney stones have also been described [329, 330] . KDs are generally considered safe treatments and most of the side effects can be prevented or treated. One of the greatest problems with KDs is the poor palatability and the difficulty for patients to follow severe dietary restrictions. This is why some less restrictive kinds of KDs are currently proposed to patients [305] . However, the greatest challenge for present research is to understand the true mechanisms of KDs and to find a pharmacological alternative, thus realizing a sort of "KD in a pill", with the same or greater efficacy of a KD but without its dietary limitations [331] ; to this aim, the anti-seizure efficacy of a synthetic ketone was tested in animal models and some acute effects have been described [313, 317, 332] , but much work is still needed to find an effective drug substitute for KDs.
CONCLUSION
Due to the above observation, we can conclude that dietary fats are both friends and foes for brain functions. Lipids have a structural role in brain and are key factors in neuron activity and health, as for n-3 PUFAs and their bioactive derivates. By contrast, disorders in energy homeostasis have been linked to several neurological and neuropsychiatric diseases pointing out the importance of the microbiota-gutbrain communication for brain health. As a consequence, the manipulation of lifestyle factors, such as dietary interventions is a recognized approach to maintain and preserve brain health along lifespan. The identification of all the molecular mechanisms is far away to be completed, of course, and further work is necessary in the future. Many efforts are required to assess the optimal conditions for therapeutic use in humans. However, dietary manipulation for the treatment of brain disorders is not just a promise for the future, but yet a reality. In fact, the clinical relevance of the manipulation of dietary lipids, as for KDs, is well-known and a currently in use for the treatment of brain diseases. 
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